SPA-1 is a principal Rap1 GTPase-activating protein in the hematopoietic progenitors and peripheral T cells, and SPA-1-deficient mice develop a spectrum of myeloproliferative stem cell disorders of late onset. In the present study, we show that SPA-1-deficient mice develop age-dependent T cell unresponsiveness preceding the myeloid disorders, whereas the T cell numbers remained unchanged. Progression of the T cell dysfunction was attributed to the age-dependent increase in CD44 high T cell population that was unresponsive to T cell receptor stimulation. Younger SPA-1-deficient mice exhibited selectively impaired recall T cell responses against a T-dependent antigen with normal primary antibody response. These results suggested that the unresponsiveness of CD44 high T cells was antigen-driven in vivo. T cells from younger SPA-1 ؊/؊ mice showed much greater and more persisted Rap1 activation by anti-CD3 stimulation than control T cells. Furthermore, freshly isolated T cells from SPA-1 ؊/؊ mice exhibited progressive accumulation of Rap1GTP as mice aged. T cells from aged SPA-1 ؊/؊ mice with high amounts of Rap1GTP showed normal or even enhanced Ras activation with little extracellular signal-regulated kinase activation in response to anti-CD3 stimulation, indicating that excess Rap1GTP induced the uncoupling of Ras-mediated extracellular signal-regulated kinase activation. These results suggested that antigenic activation of naïve T cells in SPA-1 ؊/؊ mice was followed by anergic rather than memory state due to the defective down-regulation of Rap1 activation, resulting in the age-dependent progression of overall T cell immunodeficiency.
F
ull activation of T cells by antigens leading to the proliferation and cytokine production depends on the orchestrated interaction with specific antigen-presenting cells called immunological synapse, which involves a number of costimulatory and cell adhesion molecules (1, 2) . Default in cell-adhesive or costimulatory signaling during the process may result in either inefficient T cell activation or irreversible T cell unresponsiveness called anergy (3, 4) . Among a number of the critical molecules, ␤2-integrin LFA-1 plays an important role in the initiation of immunological synapse formation (5, 6) . T cell receptor (TCR)-mediated recognition of a very small number of MHC͞peptide complexes on antigen-presenting cells triggers the LFA-1-ICAM-1 interaction via inside-out activation, leading to the formation of macromolecular structures for efficient cell signaling (5) .
Rap1 is a potent activator of integrins (7) (8) (9) , and evidence has been accumulated that Rap1 signaling plays an important role in regulating various integrin-mediated cellular functions (reviewed in ref. 10 ). In T cells, stimulation of antigen receptors induced rapid activation of Rap1 (11) , which was essential for the immunological synapse formation with antigen-presenting cells presenting the specific antigens (12) . On the other hand, it was reported that anergic T cell clones generated in vitro by antigen stimulation unaccompanied by a costimulatory signal contained unusually high amounts of Rap1GTP (13) and that overexpression of a dominant active mutant of Rap1, RapV12, induced T cell anergy in vitro (12, 13) . More recently, on the other hand, it was reported that RapV12 transgenic mice showed no evidence of anergy with the T cell responses being rather enhanced via integrin activation (14) . Thus, although it is likely that Rap1 signaling plays a significant role in the T cell activation, its involvement in the T cell unresponsiveness or anergy remains controversial.
Rap1 signaling is controlled by a balance between guanine nucleotide exchange factors catalyzing the Rap1 activation through coupling with various receptors and GTPase-activating proteins (GAPs) enhancing the inactivation of Rap1 (10, 15) . SPA-1 is a predominant Rap1GAP expressed in the lymphohematopoietic tissues (16, 17) . Recently, we generated SPA-1 gene-deficient (SPA-1 Ϫ/Ϫ ) mice and found that they developed a spectrum of myeloid disorders that resembled human chronic myelogenous leukemia in the chronic phase, chronic myelogenous leukemia in blast crisis, or myelodysplastic syndrome (18) . In the present study, we show that preceding the development of myeloid disorders, SPA-1 Ϫ/Ϫ mice develop an age-dependent progression of T cell unresponsiveness due to the antigen-driven increase in anergic T cells with large amounts of Rap1GTP.
Materials and Methods
SPA-1-Deficient Mice. E14 embryonic stem cells were transfected with a linearized SPA-1 gene-targeting vector, in which a region covering exons 5-8 was replaced by a 1.8-kb fragment containing a pgk-neo cassette, microinjected into C57BL͞6 (B6) blastocysts, and the resulting chimeras were mated with B6 mice (18) . Heterozygous offspring were intercrossed to produce homozygous mutant mice, and those with mixed genetic backgrounds were used.
Cells and Cultures. Lymphocytes were cultured at 10 6 cells per well in the RPMI medium 1640 supplemented with 10% FCS in the presence of Con A (1-4 g͞ml), phorbol 12-myristate 13-acetate (PMA, 10 ng͞ml) plus ionomycin (5 g͞ml), keyhole limpet hemocyanin (KLH), or 2,4,6-trinitrophenyl (TNP-KLH, 0.01-1 mg͞ml) for 2 or 4 days, respectively, and pulsed with [ 3 H]thymidine. For antigen receptor stimulation in vitro, T cells were incubated with anti-CD3 antibody (5 g͞ml) followed by antihamster IgG (5 g͞ml) and B cells with anti-IgM antibody (20 g͞ml) . To separate T and B cells, spleen cell suspensions were incubated with phycoerythrin-conjugated anti-CD3 or anti-B220 antibody followed by anti-phycoerythrin-conjugated magnetic beads and separated using AutoMax bead columns (Miltenyi Biotec, Bergisch Gladbach, Germany). CD44 high and CD44 low T cell populations were obtained by sorting with a cell sorter (FACSVantage, Becton Dickinson). IL-2 activity was assessed by CTLL-2 cell assay.
Flow-Cytometric Analysis. Multicolor flow-cytometric analysis was performed by using a FACScan (Becton Dickinson) as described (19) . Antibodies included anti-CD3, anti-CD4, anti-CD5, anti-CD8, anti-CD25, anti-CD69, and anti-CD44 (Pharmingen). BM cells were cultured with deoxyguanosine-treated B6 fetal thymic lobes (100 cells per lobe) for 3 weeks under high oxygen submersion conditions as described (19) .
Immunoblotting and Pull-Down Assay. Cells were lysed with lysis buffer (0.5% Triton X-100͞150 mM NaCl͞50 mM Tris⅐HCl, pH 7.6, and protease and phosphatase inhibitors) and blotted with anti-SPA-1 (7), anti-rapGAP, anti-phosphorylated extracellular signal-regulated kinase (ERK), or anti-Rap1 (Santa Cruz Biotechnology) as before (7) . To detect Rap1GTP and RasGTP, cell lysates (0.5 to 1-mg proteins) were precipitated with GSTRalGDS-RBD and GST-c-Raf-1-RBD coupled with Sepharose beads followed by immunoblotting with anti-Rap1 and anti-Ras antibodies, respectively (7).
Antibody Response. Anti-KLH and anti-2,4-dinitrophenyl (DNP) antibodies in the sera and culture supernatants were assayed with ELISA.
Statistic Analysis. Statistic analysis was done by Student's t test.
Results
Age-Dependent Progression of T Cell Unresponsiveness in SPA-1-Deficient Mice. Both SPA-1 and rapGAP, two representative types of Rap1 GAPs, were expressed in the thymus and spleen cells. Splenic T cells, however, preferentially expressed SPA-1 with negligible rapGAP, whereas thymocytes and splenic B cells contained both SPA-1 and rapGAP, indicating that SPA-1 was a principal GAP for Rap1 in the peripheral T cells (Fig. 1A) . T cells from SPA-1 Ϫ/Ϫ mice showed no expression of SPA-1 of 130 kDa, and those from SPA-1 ϩ/Ϫ mice did roughly half a level of the control (Fig. 1 A) . Ninety-five percent of SPA-1 Ϫ/Ϫ mice developed myeloid disorders by 16 months, with the initial signs becoming evident after 12 months (18) . In the present cohort, SPA-1 Ϫ/Ϫ mice of various ages that showed no sign of the myeloid diseases by blood analysis and autopsies until 12 months and rare three 16-month-old mice without the diseases were used. Both absolute numbers and relative proportions of CD4 and CD8 T cells were comparable to those in the control littermates until 16 months (Fig. 1B) . However, proliferative response to Con A in SPA-1 Ϫ/Ϫ mice was reduced progressively from around half a year onward, whereas that in 2-to 3-monthold SPA-1 Ϫ/Ϫ mice was comparable to or even higher than that in the control mice (Fig. 1C) . In SPA-1 ϩ/Ϫ T cells, significant reduction in Con A response was evident only as late as 16 months (Fig. 1C) . The reduced Con A response was not due to the shift of dose responses nor was restored by the addition of IL-2 ( Fig. 1D ). IL-2 production in response to Con A was also reduced in an age-dependent manner, whereas T cells from 3-month-old SPA-1 Ϫ/Ϫ mice again tended to produce more IL-2 than the control (Fig. 1E) . Furthermore, T cells from the aged SPA-1 Ϫ/Ϫ T cells showed significantly reduced proliferation in response to PMA plus ionomycin as well, indicating that the effect was T cell autonomous ( 
SPA-1
Ϫ/Ϫ mice, we attempted to characterize them with cell markers. Among a number of T cell markers, it was revealed that CD44 high T cells were increased in the aged SPA-1 Ϫ/Ϫ mice as compared with age-matched control littermates in both CD4 and CD8 T cell populations ( Fig. 2A) . Expression of CD69 also tended to be increased but was more variable (data not shown). The significant increase in CD44 high T cells was evident at 9-12 months in SPA-1 Ϫ/Ϫ mice, whereas it was observed only at 16 months in the control littermates conforming to the previous report (20) (Fig. 2B ). The reduction of Con A response was correlated with the increase in CD44 high T cell population ( (Fig. 3A) . Expression profiles of CD5 (data not shown) and CD69 (Fig. 3A) in the DP and SP populations were also normal, suggesting grossly normal positive selection. Essentially identical results were obtained in 3-and 8-month-old mice. Thymocytes from SPA-1 Ϫ/Ϫ and SPA-1 ϩ/Ϫ mice responded to Con A comparably to those from SPA-1 ϩ/ϩ littermates (Fig., 3B) . Because SPA-1 Ϫ/Ϫ mice showed abnormal hematopoietic progenitors in BM (18), we further examined the differentiation of BM progenitors in thymic organ cultures. As shown in Fig. 3C , sorted lin Ϫ c-kit Mice. To investigate the effects of antigen priming on the T cell responsiveness in vivo, we immunized 4-month-old SPA-1 Ϫ/Ϫ mice with a T-dependent antigen KLH. SPA-1 Ϫ/Ϫ mice showed the primary anti-KLH antibody response in vivo comparable to the control littermates (Fig. 4A) . However, when regional lymph node (LN) cells of the immunized mice were challenged with TNP-KLH in vitro, anti-DNP IgG response was reduced significantly in SPA-1 Ϫ/Ϫ mice despite the comparable T cell numbers in the regional LN (Fig. 4B) . Considering that SPA-1 Ϫ/Ϫ B cells produced anti-KLH IgG normally, the results suggested that the activation of KLH-primed helper T cells in response to TNP-KLH was impaired. This was confirmed by significant reduction in the proliferation of regional LN T cells from SPA-1 Ϫ/Ϫ mice in response to KLH as compared with those from the control mice (Fig. 4C) . Con A response of the same SPA-1 Ϫ/Ϫ LN T cells was reduced only marginally, if any. These results suggested that antigenic stimulation of the naïve SPA-1 Ϫ/Ϫ T cells in vivo was followed ultimately by the anergic state, resulting in the selective defect of antigen-specific T cell recall response.
Age-Dependent Accumulation of Rap1GTP and Uncoupling of Ras-
Mediated ERK Activation via TCR Stimulation in SPA-1 ؊/؊ T Cells. We finally examined the Rap1 activation in SPA-1 Ϫ/Ϫ T cells. T cells from the control mice showed transient Rap1 activation with anti-CD3 stimulation, which rapidly subsided within 15 min (Fig.  5A ). In contrast, T cells from 2-month-old SPA-1 Ϫ/Ϫ mice exhibited by far stronger Rap1 activation, which persisted more than 1 h (Fig. 5A) , confirming that endogenous SPA-1 played a mice exhibited marked accumulation of Rap1GTP, whereas those from age-matched control mice did not (Fig. 5B) . B cells and thymocytes from SPA-1 Ϫ/Ϫ mice showed only marginal Rap1GTP, consistent with redundant expression of rap-GAP (see Fig. 1 A) . Expression level of TCR͞CD3 in T cells from the aged (10-month-old) mice was unchanged, and TCR internalization (data not shown) as well as Ras activation in response to CD3 stimulation occurred comparably or even better than those from the age-matched control mice (Fig. 5C) . Nonetheless, these SPA-1 Ϫ/Ϫ T cells exhibited little phosphorylation of ERK, whereas those from the control littermates showed significant ERK activation (Fig. 5C ). ERK activation in response to PMA͞ ionomysin in the SPA-1 Ϫ/Ϫ T cells was also reduced markedly (Fig. 5C) . Although not shown, T cells from 3-month-old SPA-1 Ϫ/Ϫ mice showed comparable ERK activation to the control T cells by the same stimulation. In contrast, B cells from the 10-month-old SPA-1 Ϫ/Ϫ mice showed comparable ERK activation in response to anti-IgM antibody to the control (Fig. 5D) . These results suggested that the excess accumulation of endogenous Rap1GTP in the antigen-primed T cells from SPA-1 Ϫ/Ϫ mice resulted in the interference with Ras-mediated ERK activation in response to the subsequent TCR stimulation.
Discussion
Rap1 GTPase is activated by antigen-receptor stimulation in lymphocytes, and recent studies suggested the significant roles of Rap1 signaling in the activation and fate decision of T cells after antigen stimulation (12) (13) (14) . In most of these studies, a RapV12 mutant, which had been reported to be resistant to Rap1GAP (22) and considered as a canonical constitutive active form in an analogy with RasV12, was used. Recent study, however, dem- onstrated that GTPase activity of RapV12 was susceptible significantly to Rap1GAP, albeit much less than wild-type Rap1 (23) , and thus the effects of ''dominant active'' function of RapV12 may have to be evaluated cautiously in the cells containing abundant Rap1GAPs. Rap1 GAPs play a major role in controlling the magnitude, duration, as well as localization of Rap1 activation in the cells (24) . In the present study, to explore the roles of endogenous Rap1signaling in the immune responses, we have investigated the T cell functions of SPA-1 Ϫ/Ϫ mice, taking an advantage that SPA-1 is a nonredundant Rap1 GAP in the peripheral T cells.
T cell differentiation in the thymus as well as number of peripheral T cells was apparently normal in SPA-1 Ϫ/Ϫ mice. Nonetheless, the T cell responsiveness to Con A in terms of both proliferation and IL-2 production was reduced progressively in an age-dependent manner from around half a year, and it was attributed to the accelerated increase in CD44 high T cell population that was unresponsive to Con A. In normal mice, CD44 high T cells represent those that have been exposed to and activated by antigens in vivo, and at least a part of them comprises long-lived memory T cells (21) . Thus, it was suggested that SPA-1 Ϫ/Ϫ T cells primed by antigens in vivo were rendered anergic to the subsequent TCR stimulation at some point following the primary antigen activation. To support this, even young SPA-1 Ϫ/Ϫ mice immunized with a T-dependent antigen KLH in vivo showed significantly reduced specific recall T cell responses to KLH in terms of both proliferation and carrierspecific helper effect on B cells, whereas the primary antibody response was unaffected. The results suggested that the agedependent progressive reduction of T cell responsiveness in SPA-1 Ϫ/Ϫ mice was antigen-driven in vivo, reminiscent of antigen-induced T cell anergy (3, 4) . Unlike classical T cell anergy, however, it was suggested that the unresponsiveness followed the productive activation of naïve T cells in SPA-1 Ϫ/Ϫ mice.
In parallel with the increase in anergic CD44 high T cells in SPA-1 Ϫ/Ϫ mice as they aged, progressive accumulation of intracellular Rap1GTP in the T cells was observed. Because the T cells from younger SPA-1 Ϫ/Ϫ mice exhibited greater and by far more persistent Rap1 activation following TCR stimulation than control T cells, it was suggested that Rap1GTP accumulation reflected the sustained Rap1 activation in the antigen-primed T cells in SPA-1 Ϫ/Ϫ mice, although it remained to be seen how long Rap1GTP persisted in the individual SPA-1 Ϫ/Ϫ T cells following antigen stimulation in vivo. It might be also possible that suboptimal stimulations other than TCR that were involved normally in the maintenance of memory T cells such as MHC independent of peptides or cytokines contributed to the sustained Rap1 activation in the primed SPA-1 Ϫ/Ϫ T cells. These T cells exhibited no detectable ERK activation in response to CD3 stimulation in vitro despite the normal or even enhanced Ras activation. The results strongly suggested that the preexisting Rap1GTP over certain levels in the T cells interfered with Ras-mediated ERK activation via TCR stimulation with the TCR-signaling upstream of Ras activation being unaffected. Although effects of excess Rap1GTP on other signaling pathways remain to be investigated, both compromised proliferation and IL-2 production via TCR in SPA-1 Ϫ/Ϫ T cells are explained by the interference with Ras-mediated ERK activation (25) . This is consistent with the reduced ERK activation and compromised proliferation of SPA-1 Ϫ/Ϫ CD44 high T cells by PMA plus ionomycin, which activate Ras via RasGRP (CalDAG-GEF II) (26) . The results also confirmed that the unresponsiveness of SPA-1 Ϫ/Ϫ T cells was autonomous, as the response to PMA plus ionomycin required no interaction with accessory cells. The reasons for accelerated increase in CD44 high T cells remained to be investigated. IL-2 production in response to Con A tended to be rather enhanced in the SPA-1 Ϫ/Ϫ T cells at 3 months old, and thus it might reflect the enhanced primary activation of naïve T cells per se in vivo as indicated by a recent report (14) .
Rap1 was isolated originally as a potential antagonist of oncogenic Ras (27) , and the inhibitory effect of Rap1 signaling on Ras-ERK pathway was reported in some, but not all, cell line models in vitro (28) (29) (30) . It was shown recently that the thymocytes of RapV12 transgenic mice under a CD2 promoter exhibited unaltered ERK activation in response to TCR stimulation (14) . The amounts of RapV12GTP in the thymocytes of these transgenic mice were reported to be comparable to those in activated control thymocytes. On the other hand, present results indicated that Rap1GTP levels in the T cells of aged SPA-1 Ϫ/Ϫ mice were much greater than those attained in the activated control T cells, strongly suggesting that the TCR-mediated Rap1 activation was under the profound regulation by endogenous SPA-1 in normal T cells. The counteracting effect of Rap1GTP on Ras-ERK signaling is suggested to be due to the competitive interference with RasGTP for c-Raf1 binding (31) , and thus we speculate that the discrepancy may be in part due to the different amounts of Rap1GTP accumulation in the activated T cells. Present results strongly suggest that Rap1 may contribute to the setting of threshold for activation of antigen-primed T cells in response to the secondary stimulation via modulating Ras-ERK signaling in addition to the initiation of immunological synapse via integrin activation at the early phase of T cell activation (12) . Efficient down-regulation of Rap1GTP by SPA-1 in T cells following the primary antigen activation is apparently crucial for them to return to the accessible state for the subsequent antigenic stimulation as functional memory cells.
SPA-1 Ϫ/Ϫ mice developed myeloproliferative disorders due to the accumulation of Rap1GTP in the multipotential hematopoietic progenitors (18) . Unlike in the T cells, Rap1GTP accumulation in the hematopoietic progenitors was associated with enhanced ERK activation, reinforcing that the effect of Rap1on ERK activation was cell-context-dependent (10, 32) . Whereas the majority of them developed blast crisis of various lineages including myeloid, erythroid, and B cell lineages, no T celllineage blast crisis was observed (18) . Similar observation was reported in the mouse model for AML1-ETO human leukemic oncogenes affecting hematopoietic progenitors (33) . Progression of T cell dysfunction in SPA-1 Ϫ/Ϫ mice preceded the development of leukemia, eliminating the possibility that the former was a secondary effect of myeloid malignancy. Rather, transfer of the BMC from preleukemic SPA-1 Ϫ/Ϫ mice into SCID mice rapidly caused lethal leukemia (unpublished results). There is evidence that immune functions play significant roles in the control of myeloid malignancy both in human and mice (34, 35) . Present results may suggest that age-dependent deterioration of T cell functions in part contributes to the development of myeloid leukemia of late onset in SPA-1 Ϫ/Ϫ mice, providing an excellent model for understanding the mechanisms of immunological surveillance against malignancy.
